We report the detection of Cd i (Z = 48), Lu ii (Z = 71), and Os ii (Z = 76) in the metal-poor star BD +17 3248. These abundances are derived from an ultraviolet spectrum obtained with the Space Telescope Imaging Spectrograph on the Hubble Space Telescope. This is the first detection of these neutron-capture species in a metal-poor star enriched by the r-process. We supplement these measurements with new abundances of Mo i, Ru i, and Rh i derived from an optical spectrum obtained with the High Resolution Echelle Spectrograph on Keck. Combined with previous abundance derivations, 32 neutron-capture elements have been detected in BD +17 3248, the most complete neutron-capture abundance pattern in any metal-poor star to date. The light neutron-capture elements (38 ≤ Z ≤ 48) show a more pronounced even-odd effect than expected from current Solar system r-process abundance predictions. The age for BD +17 3248 derived from the Th ii/Os ii chronometer is in better agreement with the age derived from other chronometers than the age derived from Th ii/Os i. New Hf ii abundance derivations from transitions in the ultraviolet are lower than those derived from transitions in the optical, and the lower Hf abundance is in better agreement with the scaled Solar system r-process distribution.
INTRODUCTION
Steady progress has been made over the last halfcentury toward understanding how the heaviest elements in the Universe are produced. For the elements heavier than the iron (Fe) group, the vast majority of isotopes are produced by the successive addition of neutrons to existing nuclei on timescales that are slow or rapid relative to the average β − decay rates. These are referred to as the slow (s) and rapid (r) neutron (n) capture processes, respectively (see, e.g., Truran et al. 2002 and Sneden et al. 2008 for discussion of these processes). The basic physical principles of these reactions are well known. The s-process involves isotopes near the valley of β stability, so the properties relevant to understanding the nature of the s-process (e.g., n-capture cross sections, half-lives, etc.) can be studied in laboratories on Earth (see Cowan et al. 1991 and references therein). Phenomelogical or nuclear reaction models can then be constructed to predict the general abundance pattern produced by the s-process (see Busso et al. 1999) . When applied to the Solar system (S. S.) heavy element abundance distribution, the s-process abundances can be subtracted from the total abundances to reveal the r-process component (e.g., Seeger et al. 1965; Kappeler et al. 1989; Arlandini et al. 1999) . Due to the more energetic nature of the r-process and the exotic, short-lived nuclei involved, reaction networks for the r-process were not tractable until only recently (see Kratz et al. 2007 ).
To evaluate and verify detailed nucleosynthesis models, abundance patterns must be accurately characterized for as many elements as possible in locations beyond the S. S.
In this Letter, we report abundance estimates for neutral cadmium (Cd i, Z = 48), singly ionized lutetium (Lu ii, Z = 71), and singly ionized osmium (Os ii, Z = 76) in the near-ultraviolet (NUV) spectrum of the r-process enriched metal-poor star BD +17 3248. This is the first clear detection of Cd and Lu in a metal-poor star enriched by the r-process. Combined with previous abundance derivations (Cowan et al. , 2005 Sneden et al. 2009 ) and several other new abundances derived from the optical spectrum of this star, 32 n-capture elements have been detected in BD +17 3248, the most complete n-capture pattern in any metal-poor star. In the metal-poor star HD 122563, which is relatively deficient in the heavy n-capture elements, we also report tentative detections for Cd i and Lu ii, as well as an upper limit for Os ii. Finally, we use these new abundances to differentiate among the various techniques used to predict the r-process abundance pattern.
OBSERVATIONS AND ABUNDANCE ANALYSIS
NUV spectra of BD +17 3248 and HD 122563 were obtained using the Space Telescope Imaging Spectrograph (STIS) on the Hubble Space Telescope (HST ). These spectra cover a wavelength region from 2280-3120Å at R ≡ λ/∆λ ∼ 30,000. The optical spectrum of BD +17 3248 was obtained using the High Resolution Echelle Spectrograph (HIRES; Vogt et al. 1994) on Keck I, and this spectrum covers a wavelength region from 3120-4640Å at R ∼ 45,000. See Cowan et al. (2005) for further details.
In Figure 1 , we show segments of the STIS spectra surrounding the Os ii transition at 2282.28Å and the the Cd i transition at 2288.02Å in BD +17 3248 and HD 122563, as well as HD 115444.
4 A strong absorption feature is clearly identified at these wavelengths in BD +17 3248 but not in HD 122563. BD +17 3248 is warmer (T eff = 5200 K) and more metal-rich ([Fe/H] = −2.1) than HD 122563 (T eff = 4570 K and [Fe/H] = −2.7). HD 115444 has a temperature (T eff = 4720 K), metallicity ([Fe/H] = −2.9), and overall light element abundance distribution (i.e., 6 ≤ Z ≤ 40) that closely resembles HD 122563 (Westin et al. 2000) . HD 115444 is overabundant in the heavy n-capture elements ([Eu/Fe] = +0.7) relative to HD 122563 ([Eu/Fe] = −0.5). Therefore the only significant difference between the spectra of HD 115444 and HD 122563 should be the stronger heavy n-capture absorption lines in HD 115444. In Figure 1 , we see that HD 115444, like BD +17 3248, also exhibits strong absorption features at 2282.28 and 2288.02Å, but HD 122563 does not. Thus heavy n-capture species must be producing this absorption. We find no transitions of heavy n-capture species at these wavelengths-or the Lu ii line at 2615.41Å-in the Kurucz or NIST line databases that could plausibly account for this absorption other than the species of interest.
References for published transition probabilities of the lines used in this analysis are given in Table 1 . We determined the transition probability of the Lu ii 2615.42Å resonance line to be log(gf ) = +0.11 ± 0.04 based on a laser-induced fluorescence lifetime measurement of its upper level (Fedchak et al. 2000) and a branching fraction calculation of 0.971 (Quinet et al. 1999) . (See also Lawler et al. 2009 .) The 175 Lu isotope is dominant (97.4% of S. S. Lu; Lodders 2003) . The 176 Lu isotope is blocked from r-process production by the stable 176 Yb isotope, so it is expected to be entirely absent from BD +17 3248. The odd-Z isotope 175 Lu has nonzero nuclear spin I = 7/2. Hyperfine structure (hfs) and an accurate line position are based on new laboratory measurements of the 6s6p 1 P 0 level energy, 38223.406(8) cm −1 , hfs A, −0.03731(10) cm −1 , and hfs B, 0.0811(15) cm −1 . The naturally occurring r-process isotopes of Cd and Os are predominantly even-Z even-N isotopes with zero nuclear spin, thus we are justified in ignoring the hfs from their minority isotopes.
We use the current version of the LTE spectral analysis code MOOG (Sneden 1973) to perform the abundance analysis. We adopt the atmospheric parameters for BD +17 3248 and HD 122563 derived by Cowan et al. (2002) and Simmerer et al. (2004) (T eff /log g/[M/H]/v t = 5200 K/1.80/−2.08/1.9 km s −1 and 4570 K/1.35/−2.50/2.9 km s −1 , respectively) and interpolate model atmospheres from the Kurucz grids (Castelli et al. 1997) .
We compare our results to abundances of other species derived from lines in the optical spectral range. In the NUV, bound-free continuous opacity from metals may be comparable to or greater than the bound-free continuous opacity from H − that dominates in the optical spectral range for metal-poor stars (e.g., Travis & Matsushima 1968) . To compensate for deficiencies in our ability to model the continuous opacity in this spectral range, we have derived abundances of relatively clean, unsaturated, and unblended Fe i and Zr ii lines across the NUV. We require that these lines have reliable log(gf ) values (Fe i: O'Brian et al. 1991 or a grade of "C" or better in the NIST database; Zr ii: Malcheva et al. 2006 ), and we derive the abundances by matching synthetic to observed spectra. Ideally we should select metals that make significant contributions to the continuous opacity (e.g., Mg, as advocated by Bell et al. 2001 ), but practically we are constrained because there are very few metals whose lines have reliable laboratory transition probabilities and are unsaturated and unblended in the NUV spectra of these stars.
Figure 2 displays the abundances of Fe i and Zr ii in BD +17 3248 and HD 122563 as a function of wavelength. Two characteristics would indicate that we have successfully reproduced the continuous opacity: (1) no trend between abundance and wavelength, and (2) agreement between the abundances derived from the optical and NUV transitions. A similar phemonemon is observed in both BD +17 3248 and HD 122563. For Fe i, we detect both an offset and a very slight trend in both stars, though the effect is much smaller in BD +17 3248, the warmer of the two stars. There is no offset and only a minimal trend for Zr ii in BD +17 3248, but a much larger trend is observed in HD 122563, although we have only derived abundances from 6 Zr ii lines. We use these trends as "local metallicity" references to empirically adjust the derived abundances of other species (where neutral species are adjusted according to Fe i and singlyionized species are adjusted according to Zr ii). For example, the abundance derived from the Cd i line at 2615Å in BD +17 3248 is adjusted by +0.32 dex, the difference between a hypothetical Fe i line at 2615Å and the mean Fe i abundance for lines in the optical spectral region. We caution that there are very few Fe i lines and no Zr ii lines shortward of the Mg i series limit at 2515Å, where the bound-free opacity contribution from Mg i may increase substantially. This uncertainty should be borne in mind when extrapolating the trends to shorter wavelengths.
We derive the abundances of Cd i, Lu ii, and Os ii in BD +17 3248 by comparing synthetic spectra to the observed absorption profiles. These fits are shown in Figure 3 , and the adjusted abundances are reported in Table 1. In HD 122563 we report the tentative detection of Cd i and Lu ii, but we can only estimate an upper limit for Os ii. The Os ii line is relatively unblended in BD +17 3248. The Cd i line is blended with an Fe i transition at 2288.04Å and an As i transition at 2288.12Å. Unfortunately, neither has a laboratory log(gf ) measurement, so we are forced to fit these blends as best as possible. The continuum is depressed slightly at the Lu ii line in HD 122563 and more substantially in BD +17 3248 by saturated Fe ii lines at 2613.82 and 2617.62Å. Furthermore, this line is contaminated with OH in HD 122563, although this blend is minimized in the warmer atmosphere of BD +17 3248. Considering all of these sources of uncertainty in the fits and the corrections to account for the continuous opacity, we estimate an uncertainty of at least 0.30 dex for each abundance derivation.
We have rederived the Hf ii abundance in BD +17 3248 using 4 transitions in the NUV. Several Hf ii transitions can also be detected in the optical spectral range. Finally, we have derived new or revised abundances for several elements between the 1st and 2nd r-process peaks in BD +17 3248 (Nb, Mo, Ru, Rh, Pd, and Ag; Z = 41-42 and 44-47) using the Keck spectrum. These abundances are reported in Table 1 .
RESULTS AND DISCUSSION
In Figure 4 we display the abundance distribution for the n-capture elements in BD +17 3248. The S. S. r-process abundance distribution, calculated as residuals from a classical model of the s-process (Sneden et al. 2008) , is shown for comparison. When normalized to the Eu abundance in BD +17 3248, this distribution is a superb match to the stellar abundances for Z ≥ 56, as has been demonstrated previously (e.g., Cowan et al. 2002) .
The detection of Cd extends the suite of lighter n-capture elements observed in metal-poor stars more than halfway between the 1st and 2nd r-process peaks (roughly A ∼ 80 and 130, respectively). For Sr to Cd (Z = 38-48, missing only the short-lived isotopes of Tc, Z = 43), there is a very pronounced even-odd abundance pattern in BD +17 3248, much more so than is predicted by the scaled S. S. r-process distribution or the r-process residuals derived from the (Solar metallicity) stellar s-process model of Arlandini et al. 1999 (not shown). This effect was first noticed in the Pd and Ag abundance pattern of three r-process enriched stars observed by Johnson & Bolte (2002) . The largescale dynamical network calculations from the core collapse supernova high-entropy neutrino wind model of Farouqi et al. (2009) reproduce this pattern better for Sr-Pd but still underestimate the even-odd effect for Ag and Cd. This general agreement is encouraging, but additional calculations and comparisons are warranted.
Lu is the final member of the rare earth elements (REE) to be unambiguously detected in r-process enriched metal-poor stars. The Lu/Eu (or, more generally, Lu/REE) ratio predicted by the scaled S. S. r-process distribution is in reasonable, though not perfect, agreement with our derived Lu abundance. Additional Lu abundance derivations for other metal-poor, r-process enhanced stars are required to assess whether the predicted Lu abundance or the stellar measurement (or both) is in error.
Each of the neutral and singly-ionized states of Os have now been detected in BD +17 3248, and our abundance of Os ii, log ǫ = +0.03, is in fair agreement with an updated Os i abundance derived from three optical and NUV lines, log ǫ = +0.25. Os is the heaviest stable element that can be detected in its singly-ionized state in BD +17 3248. If the Os ii abundance should prove reliable and its uncertainty can be reduced, this has the potential to offer two significant improvements for nuclear cosmochronometry. The only radioactive isotopes practical for age dating the material in old stars are 232 Th and 238 U, both of which can only be detected as first ions. Abundance uncertainties are minimized when considering ratios of two elements in the same ionization state. When predicting the initial production ratios, the uncertainty is generally smallest when the two elements are as close in mass number as possible. Previously, the heaviest singly-ionized reference element has been Hf ii, whose stable isotopes are separated by 52-55 mass units from 232 Th; the stable r-process isotopes of Os are only separated by 40-44 mass units from 232 Th. Adopting the range of production ratios from Kratz et al. (2007) , the Th ii/Os i ratio predicts an age range of 15.7-21.5 Gyr, whereas Th ii/Os ii predicts an age range of 5.4-11.2 Gyr. The latter is in better agreement with r-process abundance distribution (Sneden et al. 2008) , normalized to Eu (Z = 63), and the dotted line in the lower panel represents this same distribution normalized instead to Sr. Abundances are taken from Cowan et al. (2002 Cowan et al. ( , 2005 , Honda et al. (2006) , Roederer et al. (2009 , and the present study. Several elements have been renormalized to a common set of laboratory log(gf ) values, and the abundances of HD 122563 have been renormalized to our abundance scale as described in the caption of Figure 2 . the age predicted from other chronometer pairs (e.g., Th ii/Eu ii, which predicts an age range of 7.9-12.3 Gyr). The present uncertainty in our Os ii abundance translates to an age precision of 14 Gyr, but if the Os ii uncertainty could be reduced to 0.10 dex the age precision would improve to 4.7 Gyr.
The Hf ii abundance derived in BD +17 3248 from 4 lines in the NUV is marginally lower (log ǫ = −0.76 ± 0.08, σ = 0.14) than that derived from 6 lines in the optical (log ǫ = −0.57 ± 0.03, σ = 0.08). Previous analyses of the Hf ii abundance in r-process enriched metal-poor stars have revealed that the stellar Hf ii r-process abundance is higher by 0.15-0.25 dex than that predicted by the scaled S. S. r-process distribution Roederer et al. 2009; Sneden et al. 2009 ). Our Hf ii NUV abundance is in excellent agreement with the scaled S. S. r-process Hf/REE ratio. Many of the transitions used to derive the REE stellar r-process abundance distribution from the optical spectral range arise from 0.0 eV lower levels, but only one of the 12 Hf ii lines employed by Lawler et al. (2007) has a 0.0 eV lower level. Two of the four lines used to derive our NUV Hf ii abundance arise from 0.0 eV levels, with log ǫ = −0.68 from just these two transitions. Perhaps by using these transitions we have mitigated a subtle systematic effect present in the computation of the Hf ii abundance relative to other REE. This might imply that other stellar Hf ii r-process abundances-rather than the predicted S. S. r-process abundances-warrant minor revisions. Again adopting the range of production ratios from Kratz et al. (2007) , the NUV Th ii/Hf ii ratio predicts an age range of 5.8-18.5 Gyr, whereas the optical Th ii/Hf ii ratio predicts an age of 14.7-27.4 Gyr. The precision is 5-6 Gyr in each measurement, but clearly the lower Hf ii abundance derived from the NUV lines provides a more realistic age estimate for BD +17 3248. Figure 4 also displays the abundance distribution for HD 122563, which is known to be deficient in the heavy n-capture elements. The scaled S. S. r-process distribution is a poor fit to the abundance pattern whether normalized to the 1st r-process peak or the REE (Honda et al. 2006) . (No reasonable s-process distribution, or combination of r-and s-process distributions, matches either.) HD 122563 may be an example of enrichment by the so-called "weak" r-process, which produces small amounts of light n-capture material and steadily-decreasing amounts of heavier material (Honda et al. 2006; . Our Cd abundance in HD 122563 suggests that the downward abundance trend continues in the region between the 1st and 2nd r-process peaks. Our Os upper limit in this star is not strong enough to exclude a scaled S. S. r-process pattern between the REE and the 3rd r-process peak. The detection of these three new species in BD +17 3248 is only a first step in understanding how and in what amount these elements were produced. By examining their abundances in other metal-poor stars enriched to different levels by the r-process, we may gain a better sense of any systematic offsets affecting the present analysis. These uncertainties must be minimized to take full advantage of these species as constraints on n-capture nucleosynthesis models and meaningful age probes for the n-capture material in metalpoor stars.
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